The hallmark of arterial hypertension is the increased peripheral resistance, which results in enhanced obstacle to blood flow at the arterioles and elevated mean blood pressure (MBP). 1 In addition to this steady component of BP, renewed interest in the pulsatile component, pulse pressure (PP) in particular, has been highlighted because of the accumulating evidence of its association with cardiovascular risk. 2-6 PP calculated as the difference of systolic BP (SBP) and diastolic BP (DBP) combines the effect of the intermittent ventricular ejection from the heart and exchange capacity of the aorta and large conduit arteries. 7, 8 Increased PP usually indicates increased arterial stiffness resulting from the alteration of the structure and function of large arteries at a given ventricular stroke volume. 7, 8 However, a substantial number of studies show that PP may not be better than SBP, DBP, or MBP in predicting cardiovascular events. 6, 9, 10 On account of the PP amplification from central aorta to peripheral arteries and anatomical proximity to coronary arteries, heart, and carotid arteries, central aortic PP (PP-C) has been shown to carry better prognostic value than traditional brachial PP measured by cuff-based sphygmomanometers. [11] [12] [13] [14] [15] [16] [17] However, inconsistent results also existed and failed to confirm the superiority of PP-C over cuff PP. [18] [19] [20] 
Background
The prognostic value of central aortic pulse pressure (PP-C) may have been underestimated due to its measurement inaccuracy. We aimed to investigate the accuracy of noninvasive brachial cuff-based estimation of PP-C by a generalized transfer function (GTF) or a novel pulse wave analysis (PWA) approach to directly estimate PP-C.
Methods
Invasive high-fidelity right brachial and central aortic pressure tracings, and left brachial pulse volume plethysmography (PvP) waveforms from an oscillometric blood pressure (bP) monitor were all digitized simultaneously in 40 patients during cardiac catheterization. An aortic-to-brachial GTF and a PWA multivariate prediction model using the PvP waveforms calibrated to brachial cuff systolic bP (SbP) and diastolic bP(DbP) were constructed. Accuracy of the two methods was examined in another 100 patients against invasively measured PP-C.
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Oscillometric Central BP Monitor
Recent advances in the noninvasive estimation of central BP using either tonometry-based 21, 22 or brachial cuff-based approaches 23, 24 have been focused on central aortic SBP (SBP-C), with PP-C subsequently calculated from the estimated SBP-C and central or cuff DBP. However, the noninvasive SBP-C and PP-C bear substantial calibration errors equivalent to errors of the cuff SBP and PP in the measurement of intraarterial brachial SBP and PP, respectively. 25 The measurement error for cuff PP is usually much greater than that for cuff SBP because the former bears measurement errors for both cuff SBP and DBP (Figure 1) . 25 An inaccurate cuff PP invariably generates an inaccurate PP-C estimate. 26 The inherent large errors in cuff PP 26 and PP-C 27,28 may have substantially reduced their prognostic values. But to our knowledge, no attempts have been made to improve the accuracy of cuff PP and PP-C estimates. Therefore, the aims of the present study were (i) to develop a novel brachial cuff-based pulse wave analysis (PWA) approach to directly estimate PP-C using a PWA, and (ii) to investigate the accuracy of noninvasive brachial cuff-based estimation of PP-C by a generalized transfer function (GTF) or the PWA approach.
Methods
Study population and signal acquisition process. The study population combined subjects from our two previous studies 24 , 25 and consisted of a Generation Group (n = 40) 25 and a Validation Group (n = 100). 24 We included subjects referred for diagnostic catheterization to examine coronary anatomy through radial approach. Subjects were not included if they were in unstable clinical condition, such as acute coronary syndrome and peripheral arterial disease. Subjects with rhythms other than normal sinus rhythm and >3 mm Hg pressure difference between left and right arms were also excluded. The study was approved by the institutional review board at Taipei Veterans General Hospital with the conduction adhered to the principles of the Declaration of Helsinki. Informed consents were obtained from all patients.
Characteristics of the study subjects are summarized in Table 1 . 24, 25, 29 Details of the signal acquisition process have been reported. 24, 25, 29 In brief, a custom-designed 2F dual-sensor high-fidelity micromanometer-tipped catheters (model SSD-1059; Millar Instruments, Houston, TX) was delicately positioned with the first sensor at the ascending aorta and the second sensor at right brachial artery in subjects of the Generation Group to acquire simultaneous invasive brachial and aortic pressure waveforms. These waveforms were then used to construct the aorta-to-brachial GTF. 25, 29 Left-arm pulse volume recording, also known as pulse volume plethysmography (PVP), was recorded by a validated oscillometric blood pressure monitor (WatchBP Office; Microlife AG, Widnau, Switzerland) 30 at mean cuff pressure of 60 mm Hg for 30 s, which were then calibrated to cuff SBP and DBP. The rationale of cuff pressure selection has been provided in our previous studies. 31 In the Validation Group, the 30 s' simultaneous central aortic pressure and left-arm PVP waveforms were recorded by a 2F micromanometer-tipped catheter (model SPC-320; Millar Instruments) The amplitude of intracuff oscillations is determined mainly by the relationship between intracuff pressure and intra-arterial pressure (left panel). The oscillometric method for blood pressure (bP) measurements (left lower panel) analyzes this relationship and recognizes the cuff pressure at the arterial SbP and DbP by detecting some changes in the oscillations at these points. oscillometric (cuff) bP usually underestimates intra-arterial brachial SbP and overestimates intra-arterial brachial DbP. 1, 26 The oscillations become stable with the steady intracuff pressure (right upper panel). As shown in the right lower panel, the signals, also known as pulse volume plethysmography, can be used as surrogates of intra-arterial pressure waveforms to estimate central systolic (SbP-C) and pulse pressure (PP-C) by either a generalized transfer function (GTF) 29, 34 or prediction equations. 24, 31 DbP, diastolic blood pressure; PP-C, central aortic pulse pressure; SbP, systolic blood pressure; SbP-C, central aortic SbP.
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Oscillometric Central BP Monitor and a commercially available oscillometric device (VP-2000; Colin, Komaki, Japan) at mean cuff pressure of 60 mm Hg, respectively. 24 In both groups, all signals were recorded at baseline and 3 min after administration of a sublingual nitroglycerin (NTG), following the automatic measuring of the left brachial cuff BPs. The sampling rates of the signals for the Generation and Validation Group were 500 and 250 Hz, respectively.
Data analysis. Central and brachial SBP, DBP, and MBP were obtained from these ensemble-average aortic and brachial pressure waveforms. SBP and DBP were values at the peak and end-diastole of the averaged pressure waveform, respectively. MBP was determined from the total area under the averaged pressure waveform. Heart rate was calculated from the length of the pressure waveform.
Estimation of PP-C using a GTF approach. PP, the pressure change to create the pulse, is calculated as the pressure difference between SBP and DBP. Similarly, the noninvasive estimation of PP-C is obtained by subtracting central aortic DBP (DBP-C) from SBP-C. In other words, noninvasive PP-C is usually calculated by estimating SBP-C and DBP-C. There are numerous methods to obtain noninvasive SBP-C. 32 One common approach involves the reconstruction of central aortic pressure waveforms by transforming peripheral pressure waveforms with a GTF. 33 In addition, a previous study has demonstrated that GTF can be applied to PVP waves to obtain SBP-C with an accuracy comparable to a tonometer (Figure 1 ). 34 We therefore obtained SBP-C and DBP-C estimates by applying a previously validated GTF 25, 29 to PVP waves. Besides, it is a widely accepted notion that MBP and DBP alter minimally along the arterial tree. 1 Therefore, one arguable approach is to use cuff DBP as a DBP-C estimate by ignoring the measurement inaccuracy of sphygmomanometer. Therefore, two PP-C estimates were produced as below in the present study:
Both SBP-C and DBP-C were identified from the reconstructed aortic pressure waveform by exploiting the GTF on PVP waves.
Estimation of PP-C using a PWA approach. We have been successfully developing a novel method exploiting cuff-based PWA with a multivariate prediction model to estimate SBP-C. 24 The PWA method involves the identification of parameters relating to wave reflection and arterial compliance 35 on the brachial PVP waveform. The waveform parameters are input variables in the multivariate model, which include secondary peak systolic pressure (SBP2), pressure at onset of diastole (Pes), and areas under the pressure tracing in diastole (Ad) and systole (As). 24 Amplitudes of SBP2 are associated with the intensity of pressure wave reflection, 36, 37 and the latter three parameters are related to arterial compliance. 35 The validity and generalizability of this multivariate prediction model for the noninvasive estimation of SBP-C has been demonstrated in our previous studies. 24, 31 Accordingly, by subtracting cuff DBP from the noninvasively estimated SBP-C, PP-C can therefore be calculated as below:
PP-C PWASBP-CUFFDBP = estimated SBP-C by the PWA method − cuff DBP In the present study, contrary to the above calculations which derive PP-C from SBP-C and DBP-C/cuff DBP, we directly estimated PP-C (PP-C PWAPP (estimated aortic PP directly by a PWA method)) independently of SBP-C or DBP-C/cuff DBP The noninvasive multivariate prediction model to directly estimate PP-C was constructed by stepwise multiple linear regression analysis, which selected the best parameters from the calibrated PVP waveforms of Generation Group. 24 Potential waveform parameters were selected into or removed from the model according to stepping method criteria with F probability less than 0.05 for entry or above 0.10 for removal.
Statistical analyses.
All the baseline data were tested for normality using the Shapiro-Wilk test. Comparisons of paired BP values and their differences were performed using paired Student's t-test or paired-sample Wilcoxon signed rank test (nonparametric test). All baseline variables including waveform parameters in the multivariate model were normally distributed. Agreements between the measured and estimated PP-C values were examined using the Bland-Altman analysis and presented with mean and s.d. of differences. Clinical parameters which significantly correlated with PP-C were examined for their effects on the performance of the prediction models by multivariate stepwise regression analysis. Statistical significance is declared at the two-tailed P < 0.05 level or attended by Bonferroni correction if multiple comparisons were performed.
results
Performance of the gtF approach in the estimation of PP-c
Cuff PP underestimated the invasive PP-C at baseline and overestimated the invasive PP-C after NTG in both the Generation and Validation Groups ( Table 2) . As shown in the Bland-Altman analysis for the combined data in the Validation Group (Figure 2a) , a systematic error, which was proportional to the magnitudes of PP-C, and a large scatter (s.d. of difference = 12.4 mm Hg) were noted.
As shown in Table 2 , similar to cuff PP in the estimation of PP-C, PP-C TFSBP-TFDBP , and PP-C TFSBP-CUFFDBP still considerably underestimated PP-C at baseline (all P values <0.01 of the paired comparisons). After NTG, although PP-C TFSBP-TFDBP and PP-C TFSBP-CUFFDBP only slightly overestimated PP-C, the scatters of differences (s.d. of differences between paired measurements) were similar to those between PP-C and cuff PP. In particular, the observed proportional systematic error and large scatter in the Bland-Altman analysis for cuff PP persisted for PP-C TFSBP-TFDBP and PP-C TFSBP-CUFFDBP (Figure 2b,c,  respectively) .
Performance of the PWa approach in the estimation of PP-c
A multivariate prediction model to estimate the invasively measured PP-C using parameters from the noninvasively calibrated PVP waveforms was constructed from the Generation Group as follows (see also Supplementary Table S1 online):
Estimated PP-C (PP-C PWAPP ) = −88.2 + 0.79 × Pes + 1.41 × As + 0.68 × Ad − 1.16 × DBP + 0.84 × heart rate The full model R2 was 0.88 (P < 0.001) and the partial R2 for Pes, As, Ad, DBP, and heart rate were 0.694, 0.123, 0.001, 0.055, and 0.012, respectively. The mean and s.d. of differences between the noninvasively obtained PP-C PWAPP and the invasively measured PP-C at baseline and after NTG were −0.9 ± 7.1 and 0.9 ± 5.7 mm Hg, respectively ( Table 2) . Clinical parameters including age, sex, height, weight, arm circumference, or left ventricular ejection fraction were input into the model but all of them failed to remain in the final model during the stepwise selection process.
The Bland-Altman analysis revealed no systematic bias in the estimation (Figure 3a) . The performance of the noninvasive multivariate prediction model, which directly estimated PP-C, was further independently examined in the Validation Group. The mean and s.d. of differences between PP-C PWAPP and the invasively measured PP-C at baseline and after NTG were 2.6 ± 6.8 and 3.5 ± 7.4 mm Hg, respectively ( Table 2 ). The Bland-Altman analysis revealed no proportional systematic bias in the estimation (Figure 3b) .
On the other hand, PP-C PWASBP-CUFFDBP underestimated the invasively measured PP-C both at baseline and after NTG in both the Generation and Validation Groups ( Table 2 ). In the Bland-Altman analysis for the combined data in the Validation Group, an obvious but less pronounced proportional P value of differences R value Mean ± s.d.
P value of differences R value Mean ± s.d.
P value of differences R value
Cuff PP −4.9 ± 9.7* 0.0024 0.86** 5. NTG, nitroglycerin; PP, pulse pressure; PP-C, central aortic pulse pressure; estimated PP-C PWASBP-CUFFDBP , PP-C calculated from the estimated central systolic blood pressure using a pulse wave analysis approach and the cuff diastolic blood pressure; PP-C PWAPP , PP-C directly estimated from the novel pulse waveform analysis approach; estimated PP-C TFSBP-CUFFDBP , PP-C calculated from the estimated central systolic blood pressure using a generalized transfer function approach and the cuff diastolic blood pressure; PP-C TFSBP-TFDBP , PP-C calculated from the estimated central systolic and diastolic blood pressure using a generalized transfer function approach. *Significance was set at P < 0.01 with Bonferroni correction for multiple comparisons; **P < 0.001.
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Oscillometric Central BP Monitor systematic error was also observed for PP-C PWASBP-CUFFDBP (Figure 2d) . Table 3 shows the PVP waveform correlates of the errors of cuff BPs with reference to the invasive brachial BPs. Deviations of cuff SBP from invasive SBP measurements were weakly correlated with Pes and As identified from the PVP waveforms. On the other hand, deviations of cuff DBP and cuff PP from invasive measurements were moderately correlated with all parameters of PVP waveform, including SBP2, Pes, As, Ad, and DBP.
calibration errors and PVP waveform analysis
discussion
An upper arm cuff oscillometric method utilizing a GTF 23 or PWA 24, 38 can provide estimates of SBP-C comparable to radial tonometry 23, 38 or the invasive measurements. 24 However, the present study shows that a large random error and a proportional systematic error are expected when PP-C is calculated as the difference between an estimated SBP-C and an estimated DBP-C or a measured cuff DBP. In contrast, through the use of a novel PWA approach and a regression equation to directly estimate PP-C noninvasively, the accuracy can be improved substantially. This innovative method gives PP-C estimates corresponding to invasively measured PP-C and does not depend on the assumption that cuff SBP and DBP, which are used for waveform calibration, can faithfully reflect invasively measured brachial SBP and DBP. We have demonstrated clearly in a previous study that noninvasive application of a GTF technique to a high quality brachial pressure waveform produces estimates of SBP-C and PP-C with errors equivalent to those of the oscillometric BP monitor in measuring the invasive brachial SBP and PP. 25 The transmission of the errors from cuff SBP and DBP to the estimate of SBP-C is also evident in a brachial cuff-based method with a transfer function-like algorithm. 23 
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Oscillometric Central BP Monitor ( Table 2 ). The inaccuracy of the PP-C estimates was likely due to the fact that current sphygmomanometers usually underestimate intra-arterial brachial SBP and overestimate intraarterial DBP. 26 Indeed, we have also shown that the validated oscillometric BP monitors used in the Generation Group (WatchBP Office; Microlife AG) 25 and in the Validation Group (VP-2000; Colin) 24 underestimated brachial SBP and overestimated brachial DBP (Figure 1) . Because PP is the difference between SBP and DBP, the measurement error for PP is roughly the sum of measurement errors for SBP and DBP and thus is substantially greater than that for SBP. 25 Therefore, the GTF-derived PP-C (such as PP-C TFSBP-TFDBP and PP-C TFSBP-CUFFDBP ) may invariably be subject to large calibration errors.
We have proposed a cuff-based noninvasive PWA prediction model that can be used to estimate SBP-C with an error within the Association for the Advancement of Medical Instrumentation invasive validation criteria of 5 ± 8 mm Hg. 24 However, the noninvasive SBP-C estimation model could not be directly used to estimate PP-C by simple subtraction of the cuff DBP from the estimated SBP-C (PP-C PWASBP-CUFFDBP ), probably because of the summation of the random errors and systematic biases from the cuff SBP and cuff DBP (Figure 4) . 25 In the present study, we therefore constructed a novel multivariate prediction model to directly estimate PP-C. Our results indicate that the noninvasive prediction model can provide estimates of PP-C with an error within the required criteria and without appreciable proportional systematic error. The successful correction of the systematic drift from the calibration errors was probably because the PVP waveform parameters, which are components for the estimation of arterial compliance, 35, 39 correlated well with both the invasive PP-C (data not shown) and errors of cuff BP (Table 3) . This is consistent with the observation that reduced arterial compliance may increase the cuff BP measurement errors. 39 Therefore, the noninvasive multivariate prediction model could consequently produce estimates for PP-C less susceptible to calibration errors from the inaccurate cuff SBP and DBP (Figure 4) . Moreover, the utilization of a multivariate linear regression modeling effectively integrates incremental contribution from each independent variable and therefore may provide better and more stable model prediction than that with only single variable. 40 It is worth noting that cuff PP and estimates of PP-C calculated from the difference between the estimated SBP-C and DBP-C may carry a large random error and a systematic bias from measurement errors for cuff SBP and DBP (Table 2, Figure 2 ). The systematic bias may partly explain the negative results of the prognostic value for cuff PP 6,9,10 and PP-C. [18] [19] [20] It is anticipated that the prognostic value of PP-C may be further increased with improved accuracy of the estimated PP-C. The present proposed model was generated from and validated in subjects receiving diagnostic catheterization in supine position. These patients were indicated mainly for cardiac catheterization with around 50% of the study population having coronary artery disease and being treated with a variety of vasoactive medications. Therefore, it remains to be determined whether the model can be applied to younger subjects and those in sitting position. However, the accuracy of the validation results demonstrated in this study suggests that the PWA approach has the potential to ameliorate the calibration error for estimating PP-C.
In conclusion, the prognostic values of PP-C and cuff PP may be limited, because large random and systematic errors are introduced into cuff PP and the PP-C estimates. The inaccuracy of PP-C estimates may result from the fact that they are calculated as the difference between the estimated SBP-C and DBP-C or cuff DBP. We have proposed and validated a novel cuff-based method to directly estimate PP-C, using a multivariate prediction model incorporating parameters identified from a calibrated PVP waveform. The random error of the directly estimated PP-C was within the recommended criteria and no systematic drift was observed. The improved technique can seamlessly be incorporated into current oscillometric BP monitors to provide accurate PP-C for routine clinical applications. Future studies are required to demonstrate the independent prognostic values of the directly estimated PP-C. 
